Contemporary biomedical research is performed by increasingly large teams. As a consequence, an increasingly large number of individuals are being listed as authors in the byline of biomedical articles, which complicates the proper attribution of credit and responsibility to individual authors for their work. Typically, more importance is given to the first and last authors of biomedical papers, and the others (the middle authors) are considered to have made smaller contributions. However, we argue that this distinction between first, middle and last authors does not properly reflect the actual division of labor and does not allow a fair allocation of credit among the members of the research teams. In this paper, we use partial alphabetical authorship to divide the authors of all biomedical articles in the Web of Science published over the 1980-2015 period in three groups: primary authors, middle authors, and supervisory authors. We show that alphabetical ordering of middle authors is frequent in biomedical research, and that the prevalence of this practice is positively correlated with the number of authors in the bylines. We also find that, for articles with 7 or more authors, the average proportion of team members in each group is independent of the team size, more than half of the authors being middle authors.
Introduction
With the increasing costs, complexity and interdisciplinarity of modern science [1] , research collaboration has become the norm [2] . Scientific knowledge is now being produced by 3 increasingly large teams [3, 4] , generally involving researchers from multiple disciplines, institutions and countries [5] . Funding agencies often encourage and facilitate collaboration [6] [7] [8] and there is evidence that funded research is indeed more collaborative [9, 10] . A growing body of evidence also suggests that collaborative research has more impact and that increasingly large and diverse teams are necessary to achieve greater impact [4] .
Increased collaboration and larger teams translate into a larger number of authors listed in the byline of scholarly articles. In certain cases, there may be hundreds of authors on a paper; a phenomenon coined as 'hyperauthorship' [11] . This alone, but also the diversity of collaboration types [12] , the team composition [13] , and the division of the work within the team [14] , greatly complicates the attribution of credit and responsibility among the team members [15] . This is an important issue since the advancement of researchers' careers largely depends on the credit they obtain for their work [16, 17] . Because authorship is so important, conflicts regarding authorship are becoming commonplace [16, 17] and may introduce a tension within the workplace. The growing complexity of credit attribution is also potentially detrimental for the scientific system as a whole, which works best when excellence is properly identified and rewarded [18] .
While it may be difficult for an external observer to assess with precision the respective contribution of individual authors of a collaborative work, there are implicit disciplinary norms regarding authorship of individual authors on the byline as a proxy for the extent and nature of their respective contributions is possible because names are typically ordered following implicit disciplinary norms [19] . For example, in the biomedical field, as in most lab-based disciplines, authorship order is based on the importance and type of the contribution as well as the hierarchical position within the team or laboratory. Generally, the first and last position are given the most importance. The first author is a PhD student or a postdoctoral fellow who contributed most to the research, and the last is generally the lab director [20] . Between the first and last authors are listed an increasingly large number of 'middle authors' who have typically played a less significant role in the research [14] . A number of scientific journals (e.g., JAMA, BMJ, the Lancet, NEJM and PLoS) require author's contribution statement intended to provide useful information about an individual author's contribution. However, the value of contribution statements is limited because of significant reporting biases (Ivaniš, Hren, Sambunjak, Marušić & Marušić, 2008; Ivaniš, Hren, Marušić & Marušić, 2011), and because the statements address the type of work performed but not on the relative value or importance of the work. Nonetheless, several analyses of the relation between the authors rank on the byline and their reported contributions [14,e.g., ,21] confirmed the polarization of 'core' contributors towards the first and the last position of the authors list, while authors who made fewer types of contributions were listed in the middle. In this paper, we divide the bylines of biomedical articles into three distinct groups using a terminology similar to the one proposed by Baerlocher and colleagues [21] : 1) Primary authors: main contributors to the experimental work;
2) Supervisory authors: senior researchers who supervised the research; and
3) Middle authors: individuals with relatively small contributions to the research who are listed between the primary and supervisory authors.
While such a division of the bylines might better reflect the work performed by the authors, and allow a more adequate and fair attribution of credit, it also raises a difficult question: how can we distinguish primary, middle and supervisory authors? Previous bibliometric analyses of biomedical research [22,e.g., ,23,24] have typically divided the bylines in three parts: the first author, the middle authors, and the last author. This poorly reflects reality since it allows only be one primary author and only one supervisory author. This is problematic as collaborative research (especially inter-institutional or interdisciplinary research) is likely to have multiple primary authors leading perhaps different part of the experimental work, and also multiple supervisory authors [25] . Thus, the 'first author + middle authors + last author' model is an arbitrary division of authors that might unfairly tag as middle authors some researchers who played major roles in the research.
In this paper, we use partial alphabetical authorship as a tool to delineate primary, middle and supervisory authors. As Harriet Zuckerman [26] pointed out, listing a subset of authors in alphabetical order creates a clear distinction between those who are listed alphabetically and those who are not. For instance, if an article has twenty authors, and the six main contributors (the first four and the last two) are not listed in alphabetical order, while authors from the fifth to the eighteenth position are, a distinction is made; identifying sequences of authors in alphabetical order in the middle of the bylines serves to distinguish the primary, middle and supervisory authors. This method assumes that the contributions of authors listed in alphabetical order were not as substantial as that of the others.
The identification of primary middle and supervisory authors through the use of alphabetical subsets does, however, have certain limitations. One might argue that there are other reasons for this type of ordering, such as the existence of large teams in which many authors have contributed almost equally to different parts of a project. While ordering the first few authors according to their contributions might seem like a necessary burden, researchers may at some point decide that it is simpler - and maybe fairer - to list a subset of authors alphabetically, thus differentiating these authors from others.
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The purpose of this study is to empirically explore the relative contribution of primary authors, middle authors and supervisory authors in the biomedical field. More specifically we provide answers to the following research questions:
1. How prevalent are alphabetically ordered middle authors in biomedical research? 2. What are the proportions of primary, middle and supervisory authors in the articles' bylines?
3. What is the overall contribution of middle authors to the biomedical literature?
Methods

Data
This study is based on all biomedical research and clinical medicine articles published between 1980 and 2015, which were authored by 4 to 100 individuals, and indexed in Thomson Reuters'
Web of Science (WoS). The discipline of the articles was determined by the NSF classification of the journal in which they are published. Because trends observed were almost identical in the two biomedical disciplines studied (Biomedical Research and Clinical Medicine), the results presented below are for the two disciplines combined. We identified middle authors using the following these three steps: 1) identify alphabetical sequences, 2) correct broken sequences, and 3) distinguish intentional and incidental alphabetical sequences.
Identifying Middle Authors
We used an approach similar to that of Waltman [27] to detect sequences of authors in alphabetical order by giving each author of a byline an alphabetical rank based on their last name, and then their initials. An alphabetically ordered sequence of authors is formed when a list of consecutively in alphabetically order. Consider for example, an article authored by Wilson, B., Smith, J., Albert, 7 S., Carter, B., Miller, D., Ford, R., and Clark, P.; it includes a grouping of three authors (Albert, S., Carter, B., and Miller, D.) in alphabetical order starting from the 3 rd position and ending at the 5 th position of the list.
Correcting Broken Sequences
Depending solely on names and initials to identify alphabetical sequences has some limitations.
Errors can occur because of special character conversion, compound names and names with prefixes, indexation errors and human errors in the alphabetical ordering. In our dataset, spaces and hyphens are removed from last names (e.g. van Gogh becomes vanGogh), and special characters are converted into the basic Latin alphabet (e.g. Lübeck becomes Luebeck). Also, the prefixes of Dutch names (e.g., van, von, etc.) are not taken into account in the alphabetical ordering. It may also happen that the first of two last names of an author is treated as a second first name during the indexation process. Fig 1 shows an example where authors from the second to the second to last positions have been ordered alphabetically. However, the sequence breaks at the 10 th author (Starr Koslow Mautner) because her last name (Koslow) has been indexed as a second initial. There may also be cases of human errors, for example when two names are inverted in a long list of otherwise alphabetically ordered authors. Alphabetical ordering conventions differ by language and country, so different individuals may alphabetically order the same list of names in a different way. These conventions also contain rules regarding alphabetical ordering of special characters, which can create further errors since these characters are no longer present in the indexed names.
Fig 1. Example of a sequence break due to multiple last names
To avoid, to the extent possible, the occurrence of the errors mentioned above we concatenated consecutive alphabetically ordered sequences which met one of the following conditions:
Where:
 R is the combined length (r) of the alphabetical sequences preceding and following the break.
 X is the first letter of the author name before the one causing the break.
 Y1 is the first letter of the author name causing the break.
 Y2 is the first letter of the author name causing the break after removing potential prefixes.
 Y3 is the last initial of the author name causing the break.
 Z is the first letter of the author name after the one causing the break.
The value of R is important because the longer the consecutive sequences, the higher the probability that they actually constitute a single sequence that has been broken into two distinct parts. Therefore, to maximize the precision of the alphabetical sequence break detection method, we manually verified a random sample of 100 broken alphabetical sequences for different values of R, and we selected the minimum value of R for which the proportion of false positive was 5% or lower. A total of 192,716 broken alphabetical sequences were fixed: 28,779, 77,332 and 86,605 sequences with the ( = 8 ≤ 1 ≤ ), ( = 6 ≤ 2 ≤ ), and ( = 6 ≤ 3 ≤ ) conditions, respectively. The resulting dataset comprises more than 6.7 million articles authored by a total of more than 44 million authors, among which 13 million alphabetical sequences where found.
Probability of Intentional vs. Chance Alphabetical Order
There is always a possibility that a list of authors in alphabetical order, which we use as a sequence of 'middle authors', is actually a pure result of chance and not intentional. Distinguishing intentional and chance alphabetical order is crucial since alphabetical sequences that occur randomly cannot be used to distinguish middle authors from the others. Thus, for each sequence found, we calculated Pi, which is the probability that the authors are intentionally listed in alphabetical order, and the opposite of the probability Pc that authors are listed alphabetically by chance (see S1 for details on the calculation of Pi and Pc). Pi is determined by two variable: the number of authors in the sequence (r) and the total number of authors in the byline (N), hereafter referred to as the team's size. table 1 , the year of publication has in fact no effect on the proportion of bylines with alphabetically ordered middle authors (Exp(B) = 1.001).
However, the team size does have an effect (Exp(B) = 1.145) and was the only statistically significant predictor, as shown in table 2. Having established the high prevalence of bylines containing alphabetically ordered middle authors, we proceeded to analyze the team composition of articles where such sequences are found, which limited our analysis to the 74,555 articles containing a single alphabetical sequence for which ≥ 0.95. Table 3 . In the first part of our analysis, we show a clear relation between the size of teams and the prevalence of alphabetically ordered middle authors. This can be explained by two different factors. Firstly, all other things being equal, a larger team will lead to a greater division of the work. The usually uneven distribution of tasks will in turn determine author order, and allow for a distinction between primary, middle and supervisory authors. It is thus logical that the number of middle authors will increase as team increase in size. Secondly, since it is more difficult to order very large number of authors based on their contributions, especially when contributions are small and diverse, the use of alphabetical order to list most authors on large teams should logically prevail.
Results also show that, for papers with 7 authors or more, middle authors constitute the largest proportion of research teams. This supports the idea that work is unevenly distributed among team members: a few primary authors lead the experimental work, others have a supervisory role, and the rest of the authors share smaller and/or more technical parts of the work. However, a striking feature of the share of authors that fall in each of these three categories is their invariance as a function of team size, which suggests that growth in authors' lists are not solely due to an increase in secondary contributions but, rather, in equivalent increases of all types of roles and contributions.
The large number of middle authors, especially in long authors' list, also raises questions relating to authorship practices and criteria. It is possible, for instance, that the increasingly long bylines are not only reflecting an increase in collaboration, but also that small contributions are increasingly rewarded with authorship. Using ordering middle authors alphabetically may reduce the incentive to keep the author list as short as possible. Indeed, when authors are ordered according to their contribution or in full alphabetical order, adding a name on the byline reduces each authors' share of credit. Clearly distinguishing primary, middle and supervisory authors by using alphabetical order does reduce this 'loss of credit' because primary and supervisory authors will remain differentiated from the middle authors, no matter the number of middle authors. Thus, listing middle authors in alphabetical order might increase the propensity to include more (middle) authors. Interestingly, this suggests that while the order of authors is determined by the type and amount of work, the method used for ordering names may also determine the type and amount of work required for an individual to be listed as an author. Another incentive for rewarding small contributions with authorship is the responsibility that is associated with authorship [17] . In a sense, naming all contributors as authors allows a more refined attribution of responsibility, where no author as to take responsibility for the work of others.
This idea of rewarding small (or all) contributions with authorship seems somewhat at odds with the current authorship guidelines of the International committee of Medical Journal Editors, which state that authorship is to be based on the following criteria: However, what constitutes a substantial contribution is left to the judgment of researchers. Also the guidelines do not take into account the different roles of individual team members, or the extent of their contribution. Nonetheless, as observed in our paper, authors do make this distinction, and it can be observed when they choose to list middle authors alphabetically.
Furthermore, it seems plausible that in cases where very large numbers of authors are listed on a byline, and especially when middle authors are listed in alphabetical order, some authors will not meet the substantial contribution criterion. The scientific community's apparent lack of adherence to authorship guidelines might suggest that it is time to further examine and 'normalize' emerging practice. It might indeed be more effective to promote an inclusive authorship model instead of the restrictive models that reward only main contributors and leave other contributions out of the byline.
Conclusion
In this research, we demonstrated that the listing of middle authors alphabetically is a practice used frequently in biomedical research, especially for those articles with a large number of authors. We also showed that when middle authors are identified alphabetically, they represent on average more than half of the research team. This indicates that the author inflation might be due in part to increased division of labor, and not only to the growing complexity of research projects. This is reflected in the fact that the share of total authorships attributed to alphabetically ordered middle authors has increased more than average team size over the last 35 years. As discussed above, these results provide insights not only on collaboration and division of labor in biomedical research, but also on authorship practices.
The increase in team size has raised issues that have been widely discussed, including the lack of transparency of authors' contributions and the difficulties of assigning responsibility for the work as a whole or for its different parts. In addressing some of these issues, Baerlocher and colleagues [21] proposed that authors be designated as either primary, supervisory or contributing (middle) authors. We believe that such a system would be effective mainly in large teams as it would provide a normative framework that is more transparent and also better suited to reflect collaboration and division of labor in biomedical research. It would also recognize individuals who make smaller contributions as contributing authors; this inclusive approach is more representative of various contributions than the current 'all or nothing' model that excludes some contributors from the byline.
However, effective implementation of this model would involve its acceptance and adoption in research evaluation processes. Most of the currently used bibliometric indicators (e.g. the H-index)
do not take into account one's position on the byline. Consequently, being middle author may be paradoxically more rewarding, from a cost-benefit perspective, than being a primary or supervisory author. Inversely, indicators and evaluation processes that only put emphasis on the first position might create disputes and hinder collaboration and division of labor.
S1. Supplement. Calculating the probability of chance and intentional alphabetical order
Let ≥ 1 be an integer and let Sn denote the set of permutations of {1,…,n}. Let us write
for the permutation with ( ) = . For 1 ≤ r <= n, we shall say that σ has an increasing subsequence of length r if there exists r consecutive terms in increasing order:
Let us denote ( ) ⊆ the subset consisting of those permutations with an increasing subset of length r. For instance, we have Let ( ) denote the number of elements of ( ), so for instance, we have 4 (3) = 7. We have ( ) = 1 since there can only be one entirely increasing permutation. On the other hand, we have 
